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ABSTRACT
UPPER MIOCENE HISTORY OF THE WEST ANTARCTIC ICE SHEET INFERRED FROM
SEQUENCE STRATIGRAPHY, CLAY MINERALOGY, AND PALEOECOLOGY OF THE
ANDRILL 1B CORE
Ty M. Engler, M.S.
Department of Geology and Environmental Geosciences
Northern Illinois University, 2018
Ross Powell, Director

The Upper Miocene succession (Motif 3, ~758-1073 meters below sea floor) of the
ANDRILL 1B core was recovered from below the McMurdo Ice Shelf, in the flexural moat
around the volcanic Ross Island, Antarctica. Clay mineral assemblages and microfossils of the
succession have the potential to be used as paleoenvironmental and provenance indicators, which
when placed in a glacial sequence stratigraphic framework may be used to help constrain past
dynamics of the West Antarctic Ice Sheet (WAIS) under warm paleoclimatic conditions.
Smectite and illite clay mineral assemblages dominate Motif 3 and chlorite (+kaolinite) is
a minor component. High relative smectite percentages may be directly related to volcanic units
of the McMurdo Volcanic Complex, located locally to the drill site. Higher relative percentages
of illite, combined with lower smectite proportions, may be sourced from weathered schists,
amphibolites and gneisses of the Koettlitz Group, granitoids of the Granite Harbor Intrusives,
and other basement rocks along the coast to the south and west of the drill site within the
Transantarctic Mountains. That clay assemblage is considered an indicator of transport by the
WAIS from the south and that assemblage was then mixed with reworked, locally
derivedsediment (the volcaniclastic smectite clays).
Clays of the mudstones showed little excess Si, which is used to infer that low numbers
of diatoms were present during deposition, even in open-water settings. A paucity of diatoms in
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this interval had been attributed to either loss by diagenesis or a lack of productivity in brackish
surface waters rich in suspended muds coming from temperate polythermal ice. Data presented
here indicate the latter option is most likely and agree with other facies indicators.
Diagenesis and authigenesis may also be expressed in the recorded clay signatures. Postdepositional alteration can occur within sedimentary successions and it is often difficult to
discriminate betweensmectites occurring from primary detrital volcanic grains and those grown
in situ either by authigenic growth from hydrothermal fluids or by alteration during diagenetic
reactions within the original parent sedimentary rock.
Understanding the sediment provenance established using clay mineralogy in the Upper
Miocene may provide a better understanding of ice dynamics by helping constrain the inferred
glacial sequences that are used to interpret past WAIS dynamics. This pilot study has shown the
way forward, but more detailed sampling and more advanced analytical techniques should be
performed in the future to fully develop the concept. These data along with more detailed
microfossil analyses should allow for the development of an enhanced and perhaps more reliable
sequence stratigraphic model, which could lead to better constrained interpretations of WAIS
dynamics under warmer climatic conditions. Understanding how the ice reacted to past major
cooling and warming events will allow for better model predictions for the future.
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CHAPTER 1

INTRODUCTION AND BACKGROUND
The main focuses of this study areUpper Miocene sediments and rocks from the interval
of 1083-770 mbsf (meters below seafloor) of the AND-1B core.Over the last ten years numerous
publications have been produced with data collected from the core, with a majority of the
publications concentrated on the two motifs characterizing colder ice sheets of the younger PlioPleistocene (0-586.59 mbsf) interval.

The lithology of the AND-1B core was originally

described by Krissek et al. (2007), and later sedimentological detail was provided by McKay et
al. (2009) using motifs to infer paleoenvironments and ice sheet history. Motif 1 is composed
mostly of ~68% massive diamictite (subglacial deposition, rainout debris, and debris flow
deposition) and ~24% stratified diamictite (subglacial deposition, rainout debris, and debris flow
deposition). Motif 2 is composed primarily of ~37% diatomite (pelagic rain and hemipelagic
suspension settling) and ~31% massive diamictite. Motif 3 is composed principally of ~29%
mudstone with dispersed common clast (subglacial deposition, hemipelagic suspension settling,
and rainout from ice-rafting), ~26% massive diamictite, and ~22% mudstone (hemipelagic
suspension settling). Studies of Motif 3, which is thought to represent deposition from the
warmest ice sheets, were limited because of the original dark coloration of the core; the core
color has become lighter due to oxidation allowing for new investigations (Rosenblume 2016).
The main goals of this study are to: (1) Utilize clay mineralogy to understand the provenance of
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glacimarine sediment and rocksand resolve chemical signatures of relatively far-travelled muds
that were deposited in proximal (~2-3km) glacimarine environments during ice sheet advance or
retreat, frommuds produced from local sourcesduring interglacial times. The intent is to increase
the understanding of climate and paleo-ice sheet dynamics within the Ross Embayment,
Antarctica, during the UpperMiocene. (2) Utilize clay mineralogy to improve glacial sequence
stratigraphic framework produced byRosenblume (2016). (3)Investigate the microfossils present
for further paleoenvironmental control.
Importance

Approximately 97% of the land surface of Antarctica is covered by ice sheets (Anderson
1985) that exert strong control on global sea-level, global ocean circulation patterns, and the
overall climate of the Earth. The Antarctic Geologic Drilling Project (ANDRILL) recovered a
thick Miocene sequence (Motif 3 of McKay et al.2009) within the AND-1B Core. The Miocene
sequence holds a record of past ice-sheet responses to warmer than modern conditions during the
Middle Miocene Climatic Optimum ca. 17-14 Mya (million years ago) and a major cooling event
occurring approximately 14-13 Mya (Flower and Kennett 1994; Billups and Schrag 2002;
Shevenell et al. 2004; Lewis et al. 2007; Shevenell et al. 2008; Franke and Ehrmann 2010).
Understanding these major warming and cooling events during the Miocene may provide
significant constraints that may be used to make more accurate predictions concerning future
responses Antarctica may have on the overall climate of the planet.
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The ANDRILL Project and Geologic Setting

ANDRILL was a multinational collaboration of scientists, educators, and students from
five different nations (United States, New Zealand, Italy, Germany, and the United Kingdom).
The ANDRILL Project consisted of two different field seasons that succeeded in recovering drill
cores from two different locations (AND-1B and AND-2A) near Ross Island (Fig.1). In the
austral summer of 2006-2007, Co-Chief Scientists Dr. Tim Naish, Dr. Ross Powell, and the
McMurdo Ice Shelf (MIS) Project team drilled to a record depth 1284.87 mbsf through 85 m of
ice on the McMurdo Ice Shelf into the Ross Island flexural moat basin. With a recovery of
approximately 98%, the AND-1B sediment core was, and still remains, the longest and most
inclusiverecord of Antarctic glaciation on the continental shelf at a total length of ~1285 mbsf
(Naish et al. 2007). Following the MIS Project in October-November 2007, Co-Chief Scientists
Dr. David Harwood, Dr. Fabio Florindo, and Southern McMurdo Sound (SMS) Project team
drilled and recovered a ~1138 mbsf core (AND-2A; Harwood et al. 2008). Throughout the
remainder of this discussion we will re-examine and interpret the Upper Miocene sediments
within Motif 3 (770-1083 mbsf) of the AND-1B Core (Figure 2).
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Figure 1. The AND-1B borehole location (modified from Strong and Webb 2000) and cross
section A-A` (after Wilson et al 2012).

5

Figure 2. Low-resolution, generalized
stratigraphic column of AND-1B
modified from Rosenblume (2016)
originally updated and modified from
initial observations of Krissek et al,
(2007) and McKay et al, (2009).
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AND-1B Upper Miocene Age Constraints

The Upper Miocene (Motif 3, ~770-1083 mbsf) of the AND-1B Core lacks significant age
constraints except for polarity reversal stratigraphy (Wilson et al. 2012) coupled with inferred
global polarity chrons (Ogg and Smith 2004) and local radiometric age dating of unaltered Kfeldspar grains (Ross et al., 2012). Near the top of the study interval, at approximately 815.60827.83 mbsf, polarity chron C4r.1n (8.254-8.300 Mya) is coupled with a
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Ar/40Ar radiometric

age (8.53±0.53 Mya) at 822.78 mbsf from an unaltered K-feldspar grain. Below the study
interval, at approximately 1112.36-1270.20 mbsf, polarity chron C5r.2n (9.987-11.040 Mya) is
positioned for the following reasons: (1) C5r.2n polarity chron represents approximately 1.053
million years of time; (2) below the study interval an approximately 160-m-thick interval of
normal polarity occurs in what are interpreted as colder sedimentary deposits (Wilson et al.
2012); (3) the base of the sediment core is constrained by a
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Ar/40Ar radiometric date of

≤13.57±0.13 Mya (Ross et al., 2012), and (4) colder glacial cycles produce lower sediment
accumulation rates as indicated in C5r.2n, making C5r.2n a better choice for the ~1 Myr normal
polarity interval between 10-13 Mya (Rosenblume 2016).
Although magnetic reversal stratigraphy has been used to position global polarity chrons
above and below Motif 3 within the AND-1B Core, ages are still poorly constrained due to
interpolation between the C4r.1n and C5r.2n (Wilson et al. 2012).
constraints from biostratigraphy, (new
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Adding any new age

Ar/40Ar radiometric dates, distinctive clay mineral

assemblages that can be linked to direct volcanic events or micro-tektites linked to specific
impact events, for example) could considerably advance age interpretations of the AND-1B
Upper Miocene section.
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Aspects of the Local Setting Relative to this Study

The AND-1B sediment core was drilled in the southern portion of the Victoria Land Basin
(VLB) beneath the McMurdo Ice Shelf in one of three major north-south-trending sedimentary
basins that form the West Antarctic Rift System (McKay et al. 2009). VLB is positioned within a
250-km-long structural half-graben system within the Terror Rift, a 70-km-wide structure
extending from Mount Erebus in the south to Mount Melbourne, ~350 km to the north (Cooper
et al. 1987; McKay et al. 2009). VLB is anchored on its western edge to the Transantarctic
Mountain Front and bounded on its northern and eastern edges by a boarder fault system of a
shallow basement platform called Coulman High (Cooper and Davey 1985; Cooper et al. 1987;
Fielding et al. 2008; Rosenblume 2016). Local Cenozoic rift history can be seen in vertical
seismic reflection profiles (Henrys et al. 2008) and described by Fielding et al. (2008) in four
main phases: (1) the early rift phase (~34-29 Mya), the main rift phase (~29-23 Mya) emplacing
a tectonic control on the accommodation (Henrys et al. 2008), the passive thermal subsidence
phase (~23-13 Mya), and the renewed rifting phase (~13 Mya to Present).
Ross Island, a large volcanic complex, is situated to the north of the drill site. Ross Island is
dominated by the active 3794 m Mount Erebus, surrounded by Mount Bird, Mount Terror,
Mount Point Peninsula, White Island, Black Island, Minna Bluff, Mount Discovery, and Mount
Morning. Those possibly effecting Upper Miocene sediments of the AND-1B Core are: White
Island, Black Island, Minna Bluff and Mount Morning. White Island volcanism dates ~0.17-7.65
Mya and is made up of tephriphonolite shield-type volcanoes (Cooper et al. 1987). Farther south
(~40-60 km) lies Black Island, active ~1.69-11.19 Mya (DiRoberto et al. 2010); Minna Bluff,
active ~7.26-10.4 Mya (Wilch et al. 2008; Talarico and Sandroni 2009); and Mount Morning
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active <18.7 Mya (Martin et al. 2010). Preceding glacial reconstructions from modeling and
province studies demonstrate flow lines of the grounded ice sheet in the Ross Embayment
directed to the drill site would sweep around Minna Bluff and past White Island (Naish et al.
2009). Major glacial unconformities situated at approximately 9.6 Mya and 10.4 Mya on Minna
Bluff are due to the erosional surface of the Ross Ice Sheet (Fargo et al. 2008). Aeromagnetic
studies may also suggest the possible presence of submarine volcanism and submarine lava flows
beneath the McMurdo Ice Shelf (Wilson et al. 2007). These local volcanic events not only play
an important role in diagenetically influencing the core, provenance studies, radiometric dating,
and aeromagnetic studies, but they also load the crust in the region, creating additional
accommodation for Upper Miocene and younger glacial and interglacial sediments to
accumulate.
It is crucial to know and understand the local geology and geography of the study site, as
well as where datable events have taken place within the Upper Miocene study interval. Local
events such as rifting, faulting, or volcanism can play an important role in interpretations.
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CHAPTER 2

METHODS AND MATERIALS

Studies of Motif 3in AND-1B were originally limited due to the core’s very dark color as
described by Krissek et al. (2007); however, over time in storage since being drilled, the cores
have lightened, possibly due to the oxidation of organic films over the core. Re-analysis of
sediments of Motif 3 provided a more detailed glacial sequence stratigraphic interpretation,
allowing us to better understand the glacial processes and paleoenvironmental changes in the
Upper Miocene.
Core Sampling
Clays
Samples were chosen based on core descriptions and facies classifications from Krissek
et al. (2007), McKay et al. (2009), and Rosenblume (2016); diamictite and mudstone units near
glacial sequence boundaries were targeted andvolcanic rocks and tephra were avoided. This
strategy was followed in order to provide additional information for defining the sequence
boundaries and helping infer the magnitude of glacial fluctuations. Sixty bulk samples that
ranged from 20 to 30 g were collected from the working half of the AND-1B sediment core.
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Microfossils
Thirteen half-rounds of assorted lengths were collected from the working half of the
AND-1B sediment core within the interval of study. Half-round sections of the poorly
consolidated sediment were removed by hand along natural fractures. Thirteen large thin sections
(~5x7 cm) were prepared fromthe selected half-rounds by Wagner Petrographics, using standard
techniques (Kemp 1985; Murphy 1986; Lee and Kemp 1992; Camuti and McGuire 1999).
Prepared billets were impregnated with blue epoxy (to identify void space), ground, and polished
to an approximate thickness of 20-30µm. Stratigraphic up was marked with a ~5mm tick mark
on each slide. Of the thirteen thin sections prepared, ten were pre-identified as diamictite.

Clay Sample Processing
Oriented Clay Slide Preparation
Sampling, processing, and analyses followed standard procedures (Ehrmann et al. 1992;
Petschick et al. 1996; Giorgetti et al. 2009; Franke and Ehrmann 2010; Poppe et al., 2001). Bulk
sediment samples were crushed and treated with a 10% CH3COOH (glacial acidic acid) to
remove carbonate. After acidtreatment, samples were washed and treated with 5% H2O2
(hydrogen peroxide) to further disaggregate the samples and oxidize organic carbon. Samples
were then wet sieved into gravel (2-6.3 mm),sand (63-2000 µm), and clay and silt fractions
(<63µm).
Separation of silt and clay fractions followed procedures of the U.S. Geological Survey
Open-File Report 01-041, with the addition of adding approximately 0.25g of Na6P6O16 (sodium
hexametaphosphate) to avoid flocculation and coagulation of clay-sized particles. After complete
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clay separation, clay suspensions were washed and centrifuged three times with deionized water
to remove free ions and to avoid future flocculation. Samples were then dried at 50°C and
carefully ground in an agate mortar.
To improve accuracy ofquantitative measurements, an internal standard of 1 ml of a 0.4%
MoS2 (molybdenite), 0.3 µm grain diameter, was mixed with 40 mg of the clay samples before
resuspension (Ehrmann et al. 1992). Talc is no longer used as an internal standard (McManus
1991) because it may occur in some samples and it canaffect the 10 Å illite peak form.
Molybdenitedoes not occur in glacial/interglacial clay samples, sousing it as a reference can
increase the accuracy of clay mineral determinations by 7 to 10% (Quakernaat 1970). Resuspended clay samples and MoS2 were dispersed using an ultra-sonic cleaner and then
vacuumed onto Millipore membrane filter papers (pore diameters of 0.20 µm) usinga vacuum
filtration apparatus. Filter papers were then transferred to glass slides with double-sided adhesive
tape (Ehrmann et al.1992). As stated by Moore and Reynolds (1989) and McManus (1991),
these preparation techniques lead to highly textured, low-particle-size segregated clay films with
thicknesses of about 50-100 µm, exceeding the ―infinite thickness‖ considered necessary for
semi-quantitative determination of clay minerals.
X-Ray Diffraction Analysis
X-ray diffraction (XRD) analysis followed the standard operating procedures from
Franke and Ehrmann (2010). Prior to XRD analysis, all 60 clay samples were solvated with
ethylene-glycol vapor at 50°C for approximately four hours, to expand the smectite basal spacing
to 17 Å and to better resolve the chlorite-kaolinite twin peaks. All samples were measured with a
Rigaku X-ray diffractometer, using Cu-Kα radiation (tube voltage of 40 kV, tube current of 40
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mA) at the University of Wisconsin-Oshkosh. Two separate runs were performed: a range of
3.00-40.00°2theda (T) with a step size of 0.020°2T, a scan speed of 0.600 degree/minute, and a
step time of 2 s. The second run was from 27.5-30.6°2T with a step size of 0.010°2T, a scan
speed of 0.0150 degree/minute, and a step time of 4 s to better resolve the (002) peak of kaolinite
and the (004) peak of chlorite. The degree range stated by Franke and Ehrmann (2010) to further
resolve the kaolinite and chlorite double peak is incorrect; a scan between 23.0-25.5°2T
(Giorgetti et al. 2009) should have been performed.
The diffractorgrams were evaluated and analyzed using Jade 6.5 software (Material Data,
Inc.). Diffractogram patterns were adjusted according to an internal quartz standard (novaculite)
from Rigaku at the University of Wisconsin-Oshkosh. Peak angle corrections were also made
using the added molybdenite internal standard at 6.15 Å (Petschick et al. 1996).
Biscaye/Ocean Drilling Program Semi-Quantitative Percentage Calculations
According to Biscaye (1965), it is not possible to acquire truly quantitative data from
complex clay mineral assemblages using X-ray diffraction, but by carefully utilizing the
intensities and integrated peak areas of characteristic X-ray peaks, we are still able to produce
useful clay mineral relative percentages or semi-quantitative data accurate to approximately
±8%. Diffractogram intensity peaks of a specific clay mineral cannot be used directly as a
measure of clay mineral abundance for the following reasons: (1) X-ray machines produce
different peak intensities; (2) sample mount conditions such as slide thicknesses and amount of
preferred orientation; (3) dissimilar minerals, atomic substitutions, and, especially in clay
minerals, different degrees of crystallinities affect X-ray diffraction (Biscaye 1964); and (4)
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complex mixtures make comparisons with pure mineral standards used in analytical programs
difficult.
Although it is difficult to produce quantitative clay mineral abundance data using X-ray
diffraction, useful semi-quantitative data can be produced by comparing measured peak area
ratios (in this case, using Jade 6.5 software). When analyzing the peak-area ratiosin a sample,
only two minerals are compared at a time. As the observed ratio variations among samples may
be caused by variations in one or both minerals, it is most common to express the abundances of
each mineral relative to the total mineral composition (Grim and Johns 1954; Biscaye 1964). The
relative clay mineral percentages involve measuring the integrated areas under the broad smectite
(001) peak center at ~5.3°2T (d-spacing of 16.5 Å), the illite (001) peak center at ~8.9°2T (dspacing of 9.9-10.0 Å), and the joint chlorite/kaolinite peak at ~12.5°2T (7.06 Å). After
comparing standards and correcting for minor peak offset to control for the X-ray diffractometer
gonimeter alignment, there are slight d-spacing variations and ranges; this is most likely due to
glycolization or composition differences within the clay minerals (E. Hiatt, University of
Wisconsin-Oshkosh, pers. comm., 2017). According to Biscaye (1965), the areas under the 3.58
Å kaolinite and the 3.54Å chlorite peaks should be easily identifiable in the short 23.0-25.5°2T
scan. Due to the misinterpretation of Franke and Ehrmann (2010) and running a short scan
between a range of 27.5-30.6°2T, the kaolinite/chlorite doublet was not fully resolved; thus, a
method used by Underwood and Torres (2006) was also used in addition to the Biscaye (1965)
method.
Biscaye (1965) suggested that the 3.54 Å peak represents onlychlorite, whereas the 3.58 Å
peak for the most part represents, kaolinite. Because of interference between the small amount of
kaolinite (001 reflection) and the chlorite (002 reflection), the Biscaye (1965) method
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calculations are reported as relative abundances (or percentages) as chlorite (+kaolinite)
(Underwood and Torres, 2006). The combined weighting factors using both Biscaye (1965) and
Underwood and Torres (2006) to measure relative mineral abundances are: (1) one times the area
under the curve for the 16.5 Å smectite peak, (2) four timesthat for the 9.9-10.0 Å illite peak, and
(3) two times the area for the joint 7.06 Å chlorite (+kaolinite) peak, disregarding the 3.54 Å and
3.58 Å peak doublets. Semi-quantitative relative mineral percentages werethen calculated by
dividing each weighted integrated peak area by the sum of the weighted integrated peak area and
multiplying by 100.

Microfossil Preparation

Re-analysis of Motif 3 sediments have revealed more abundant microfossil estimates than
those from preliminary sediment descriptions (Rosenblume 2016). The microfossils include
fairly well-preserved calcareous benthic foraminifera with minor carbonate and clay
recrystallization in test cavities in thin section and glassy spherules that may represent microtektites. The presence of these fairly well-preserved, calcareous benthic foraminifera implies iceproximal glacimarine environments occurred in the region during the Upper Miocene without
reworking and/or overriding by ice (S. Ishman, Southern Illinois University, pers. comm. 2016).
Thirteen identified ice-proximal glacimarine sediment samples (billets remaining from
thin section preparation) were processed for foraminifera and micro-tektite spherule extraction. It
was hoped that identification of foraminifera genus and/or species could provide additional
insight into paleoenvironmental conditions, as well as perhaps providing age constraints for these
ice-proximal events in the McMurdo Ice Shelf region. Furthermore, examination of non-
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diagenetically altered foraminifera chambers may allow oxygen isotope analyses to be performed
on samples to provide some of the southern-most data points for benthic foraminifera oxygen
isotope analyses for this time period and may also help determine the transformation of highmagnesium calcite to low-magnesium calcite. Consequently, re-analysis of these microfossils
within the Upper Miocene has the potential to increase understanding of climate and paleo-icesheet dynamics of the Ross Embayment region in Antarctica.
Foraminifera Preparation
Foraminifera preparation and analyses followed standard procedures (Loeblich and
Tappan 1964; Haynes 1981; Snyder et al. 1983; Snyder et al. 1984; Loeblich and Tappan 1964;
1988;Scherer et al. 2007; Taviani et al. 2008; Patterson and Ishman 2012). To preserve the
fragile foraminifera tests, the thirteen samples that were previously epoxy-impregnated were cut
into sections to remove bulk epoxy. Due to the epoxy and partial lithification, cut samples were
placed in 50 ml Falcon tubes with an approximate 0.5g of Na6P6O16 (sodium
hexametaphosphate) and DI water solution and placed on a rocker table for 90 days to
disaggregate them with minimal physical force due to their fragility.
Following complete disaggregation, samples were wet sieved at five different size
fractions (20-63 µm, 63-75 µm, 75-90 µm, 90-125 µm, and 125-180 µm) and dried at 50°C for
four hours. Size fractions were analyzed and picked for foraminifera using a reflected-light
stereomicroscope following standard procedures.
Scanning Electron Microscopy
For further identification, picked foraminifera were imaged using a JEOL JSM-5610LV
SEM scanning electron microscope (SEM) at Northern Illinois University. Foraminifera
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specimens were mounted on JEOL 9.5 x 9.5 mm aluminum specimen mounts using PELCO 9
mm OD carbon mounting tabs. After mounting, samples were gold/palladium sputter-coated
using a Polaroncoating system. Compositional analysis was also performed using scanning
electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS).
GlassySpherulePreparation
Glassy spherule preparation and analyses followed standard procedures of Yeh et al.
(unpublished), Gerard-Little et al. (unpublished), Hrjanina (unpublished), Shemesh et al. (1988),
Koeberl and Hagen (1989), and Shemesh et al. (1995). During the picking of foraminifera, many
intervals were recognized to have large numbers of glassy spherules believed to be microtektites. Further preparation was necessary to separate the siliceous spherules from the rest of the
sediment. Heavy liquid separation using 3Na2WO49WO3· H2O (sodium polytungstate, SPT) was
used to concentrate the spherules. Dry size fractions were put into 25 ml Falcon tubes and
approximately 15-20 ml of 2.1 g/cm3 SPT was added. Samples were mixed with a vortex mixer
and placed in a centrifuge and run at 2500 rpm for 20 minutes. After centrifuging, the sediments
floating atop the SPT were pipetted off and transferred into clean 25 ml Falcon tubes. This
process was repeated seven times to achieve full siliceous separation from other non-siliceous
particles. The new sub samples were then washed three times using DI water, dried at 50°C, and
picked for glassy spherules using a reflected light stereomicroscope.
Scanning Electron Microscopy
For further identification, the picked glassy spherules were imaged using the JEOL JSM5610LV SEM at Northern Illinois University. Glassy spherules specimens were mounted on
JEOL 9.5 x 9.5 mm aluminum specimen mounts using PELCO 9 mm OD (outside diameter)
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carbon mounting tabs. After mounting, samples were gold/palladium sputter-coated using a
Polaroncoating system. Compositional analysis was also performed using SEM-EDS.
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CHAPTER 3

RESULTS AND INTERPRETATIONS

Foraminiferal Taxonomy and Implications

Thirteen identified ice-proximal glacimarine diamictite sediment samples were processed for
foraminifera. If foraminifera are identified in undisturbed or non-reworked sediments,
identification of foraminifer taxonomy may also allow inferences about paleoenvironmental and
depositional setting, which are both important factors when reconstructing a new glacial
sequence stratigraphy.
Rosenblume (2016) was the first to observe and identify foraminifera in thin section in Motif
3 of the AND-1B sediment core. Of the thirteen thin sections produced, 33 foraminifera were
observed with five foraminifera having positive identifications (S. Ishman, Southern Illinois
University, pers. comm. 2015-2016). Remaining billets were disaggregated and an additional 45
foraminifera were recovered, and 13 of those were positively identified byS. Ishman (Southern
Illinois University, pers. comm. 2015-2016). Further discussion will focus on the intervals with
some of the first identified foraminifera within Motif 3 of the AND-1B sediment core.
940.24 – 940-.30 mbsf
One foraminifer was identified to the genus level within the 940.24 – 940.30 mbsf
interval (Fig. 3), Globocassidulina (S. Ishman, Southern Illinois University, pers. comm. 20152016).

Globocassidulina are benthic foraminifera commonly found in the Antarctic/sub-
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Antarctic or southern ocean regions (Hayward and Triggs 2016) living in ice-proximal
environments (S. Ishman, Southern Illinois University, pers. comm. 2015-2016).

1048.07 – 1048.37 mbsf
The largest numbers of observed and identified foraminifera in the core were present
within the 1048.07- 1048.37 mbsf interval. Among those identified include: Nonionella sp.;
Nonionella iridea; possible Rosalina sp.; and Epistominella sp. (S. Ishman, Southern Illinois
University, pers. comm. 2017) and can be seen below in Fig.4. Unfortunately none of the
identified foraminifera are useful as either biostratigraphic or paleoenvironmental indicators.
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1069.13 – 1069.21 mbsf
Interval 1069.13-1069.21 mbsfyielded one identifiable foraminifer (Fig. 5). Similar to
interval 940.24-940.30 mbsf, Globocassidulina sublobosa was identified (S. Ishman, Southern
Illinois University, pers. comm. 2015-2016). Globocassidulina sublobosa are found in ice-
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proximal paleoenvironmental condition (Fig. 5, red hexagon). The foraminifer occurs in what is
interpreted as an ice-proximal diamictite unit just below the minor unconformity.

of the

1071.89 – 1071.95 mbsf
Unlike younger intervals, interval 1071.89 – 1071.95 mbsf was sampled within the
transition between interpreted morainal bank diamictite and bergstone muds. Within this interval
five foraminifera were identified, three being Cibicides lobatulus, Bolivina sp., and Bulimina
(Fig.6; S. Ishman, Southern Illinois University, pers. comm. 2015-2016). Bolivina sp. and
Bulimina have no biostratigraphic or paleoenvironmental uses, but Cibicides lobatulus are found
in an environment that indicates vigorous current activity, which may suggest these microfossils
were living in ice-proximal or ice-contact environments near subglacial stream outflows.
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1073.13 – 1073.19 mbsf
Similar to the immediately younger interval, 1073.13 – 1073.19 mbsf was sampled at
transition between morainal bank sediments, and distal glacial muds. Although no foraminifera
were picked from disaggregated sediments there were a few seen in thin section worth noting.
Rosenblume (2016) noted two separate specimens in thin section that were identified as either
Bulimina or Bolivina (Fig.7; S. Ishman, Southern Illinois University, pers. comm. 2015-2016).
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However,

neither

of

the

identified

foraminifera

is

useful

asbiostratigraphic

or

paleoenvironmental indicators.

Diagenetic Alteration and Scanning Electron Microscopy Results

Motif 3 of the ANDRILL AND-1B sediment core is an interesting section when
examining the diagenetic alteration of its microfossils. This portion of the sediment core
comprises diamictite, muddy sandstones, sandy mudstones, conglomerates, volcanic sandstone
and mudstones, and diamictite with interstratified mudstones. The majority of microfossils that
were either picked or seen in thin section are from diamictite or diamictite with interstratified
mudstones. Previous studies by Scherer et al. (2007) resulted in very few recovered microfossils
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believed to be a result in diagenetic alteration and those that were recovered did not serve a
purpose in paleoenvironmental or biostratigraphic function.
Many of the foraminifera observed by Rosenblume (2016) were re-examined and seemed
to be relatively well preserved (Fig.8). Although re-examined foraminifera had some
recrystallization of carbonates and clay precipitates, most showed large amounts of void space
making up the interior of their tests (Fig.8). The large void spaces, accompanied by sediment
age and compaction, lead to extreme difficulty in separating these microfossils from the
surrounding sediment without destroying the microfossil itself. Poor recovery of unaltered
foraminifera was most likely due to aggressive disaggregation or tests being too fragile.
Microfossils recovered from disaggregation of sediments visually appear to have been
subjected to some degree of diagenetic alteration and/or replacement, which is substantiated by
SEM-EDS observations of the matrices containing the fossils (Fig. 9).

In polar regions,

decreased temperatures, increased pressures, and excess alkalinity due to surface upwelling or a
diapycnal produced from subglacial stream jet pulses can cause calcium carbonate dissolution to
occur above its saturation level (Friis et al. 2007). Studies by Anderson and Sarmiento (1994),
Lohmann (1995), Milliman and Droxler (1996), Chen et al. (2002), and Schiebel (2002) have
been performed describing shallow-depth calcium carbonate dissolution (SDCCD). Porewater
high in acidity passing through sediments may have been responsible for dissolving a large
amount of the foraminifera calcium carbonate tests, either leaving exceedingly fragile thinwalled tests or completely dissolving tests and leaving behind exterior molds of the foraminifera.
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Figure 9. Scanning electron microscopy-energy dispersive X-ray spectroscopy
(SEM-EDS) showing elemental concentrations of foraminifera picked from
disaggregated sediments from interval 1048.07 – 1048.37 mbsf. Other foraminifera
SEM-EDS profiles closely math this one throughout the rest of Motif 3.
Silicification of these molds seems to be apparent when looking at the SEM-EDS spectra
of the picked foraminifera. Silicification is the replacement of the original skeletal material by
either: (1) permineralization, when silica precipitates in natural cavities of porous materials; (2)
silica entombment, typically occurring in hydrothermal settings when silica precipitates on the
exterior surfaces of organic objects; or (3) dissolution/replacement, when silica precipitates in
molds left behind from skeletal material (Butts and Briggs, 2011). Based on observations from
the SEM, picked foraminifera have been either completely replaced by silica or have been
completely coated by silica, suggesting the mode of silicification is dissolution/replacement.
The diagenetic silica may also be contributed to by dissolution of siliceous microfossils,
as there was a complete lack of diatoms in this section of AND-1B as noted by Scherer et al.,
(2007). Pore waters saturated in silica are most likely sourced from the dissolution of siliceous
microfossils such as diatoms and/or sponges orcame from formational fluids, especially volcanic
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sources known to have been active in the region. SEM-EDS elemental concentrations potentially
reflect the low melting temperatures and potential geothermal fluid flow of phonolitic lavas
found at ~647 mbsf which may be responsible for the liberation of Al, K, Na, and Ca (Morin et
al. 2010) and the Late Miocene submarine volcanism (Erebus Volcanic Province), which
produced a thick interval of volcanics near the top of the studied core interval, ~584.19-759.32
mbsf (Di Roberto et al. 2010). There are also numerous other volcanic units throughout the
section described by Krissek et al. (2007) and Pompilio et al. (2007) that may serve as potential
sources.
Synopsis
Although none of the foraminifera can be used as biostratigraphic markers, Cibicides
lobatulus, Globocassidulina sp., and Globocassidulina subglobosa provide important insights
into paleoenvironmental conditions. Cibicides lobatulus commonly indicates vigorous current
activity as would occur in ice-proximal or ice-contact environments near subglacial streams
discharging into the sea, even in deep ocean waters. Globocassidulina subglobosa also
commonly occur in ice-proximal conditions. Furthermore, although the foraminifera alone
cannot definitively point to an ice-proximal setting, the paleoenvironmental inferences match
exceptionally well with the glacial proximity curve of Rosenblume (2016).
In addition, partial silicification and silica coating of all the foraminifera likely resulted
from geothermal fluids flowing throughout the region associated with geothermal activity or Late
Miocene submarine volcanism (Erebus Volcanic Province; Krissek et al. 2007; Pompilio et al.
2007; Di Roberto et al. 2010) and the dissolution of low percentages of siliceous microfossils.
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SEM-elemental concentrations also reflect the low melting temperature and potential
geothermal fluid flow from the phonolitic lavas may have been responsible for liberating Al, K,
Na, and Ca (Morin et al. 2010).These migrating fluids combined with some in situ dissolution
and the oxidation of organic films are likely to have produced the original dark coloration of the
core observed immediately after collection.
Glassy Spherules Occurrences and Implications

Over the last thirty years, extraterrestrial spherules have been discovered in sediments all
around Antarctica (Gerard-Little et al. unpublished; Shemesh et al. 1988; Koeberl et al. 1989;
Shemesh et al. 1995; Hrjanina 1998; Yeh et al. 2012). Murray and Renard (1891) were some of
the first scientists to discover and report of extraterrestrial spherules in deep-sea sediments.
Micro-tektites are classified in three main groups recognized and discussed by Blanchard et al.
(1980) and Brownlee (1981): (1) iron spherules, (2) silicate spherules, and (3) glassy spherules.
Iron spherules consist primarily of iron or other metals in the form of pure metals and/or their
oxidesand commonly have a nickel-rich core. Silicate spherules make up the largest fraction of
most extraterrestrial spherules discovered; these spherules are mainly SiO2, intergrown with
olivine and magnetite (Brownlee 1981). Glassy spherules lack high amounts of metal but do not
seem to fall into the other two categories; further investigation is needed to determine their
absolute chemical composition.
Approximately 60 spherules were recovered from the study interval ~1048.07 - 1048.37 mbsf
during the sample processing for foraminifera and then were identified in collaboration with R.
Scherer (Northern Illinois University), D. Abbott and J. Gombiner (Columbia University), and C.
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Macris (Purdue University, Indianapolis). Following criteria of Yeh et al. (2012), the spherules
are considered to be micro-tektites rather than biogenic precipitates or volcanic fragments
because (1) there isa large range in morphologies and (2) the spherules are confined to layers or
specific intervals and do not occur elsewhere throughout the core. This discovery ledto further
investigations and processing techniques (heavy liquid separation using sodium polytungstate) to
separate the glass spherules from the rest of the sediment. After complete separation and reanalysis of separated sediments the spherules seemed to be concentrated within the 1048.07 1048.37 mbsf interval, with a few scattered spherules in younger intervals above (1008.911008.96 mbsf [one recovered]; 965.10-965.16 mbsf [three recovered]; 942.30-942.37 mbsf [four
recovered]; and 940.24 -940.30 mbsf [four recovered]). The micro-tektites recovered range in
size from 20-125 µm and were primarily spherical or sub-spherical in shape (Fig.10).
Scanning Electron Microscopy Results
SEM-EDS analyses of identified spherules confirm the majority are silicate spherules or
glassy spherules. Their compositions on average are O- 54.2%; Si- 23.24%; C- 11.26%; Al5.74%; Na- 3.42%; K- 1.86%; and Ca- 0.68% (Fig.11), which aresimilar to the compositions of
other

micro-tektites

found

in

the

Antarctic

region

(Yeh

et

al.

2012).
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Synopsis
Having a majority of the glassy spherules occurring within 1048.07 - 1048.37 mbsf
interval, with few scattered above, suggests an impact occurred near the time of deposition of
that interval of sediments and further sediment reworking supplied the rest of the micro-tektites
in the younger strata, either through iceberg rafting if ejecta fell directly on the ice sheet,
reworking from a local land source, or glacial erosion and redeposition.
Other Notable Microfossils

Within interval 1073.13-1073.19mbsf, three microfossils with medial banding and a
small aperture were also discovered during foraminifera processing (Fig. 12). These fossils are
believed to be ebridian flagellates, dinoflagellates, or cysts (M. Hannah, Victoria University of
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Wellington, pers. comm. 2016; S. Warny, Louisiana State University, pers. comm. 2016). If
these fossilsare ebridian flagellates, they arecommonly found in brackish waters mainly, feeding
on diatoms (Korhola and Smol 2001). Chemical analyses of the specimens may help confirm if
they are ebridians, but ideally, further specimens need to be found for confirmation.
Interval 1073.13-1073.19 mbsf was interpreted as an ice-proximal environment
(Rosenblume 2016), which would have provided brackish water living condition for ebridian
flagellates as subglacial stream flows discharged glacial meltwaters into the ocean. SEM-EDS
elemental concentrations of unknown microfossil can be seen in Fig. 13.
Semi-Quantitative Evaluation of Clay Mineral Assemblages

The sedimentary succession of the Upper Miocene Motif 3 AND-1B core comprises ~29%
diamictite and ~67% terrigenous mudstone-rich facies (McKay et al. 2009). Proportions of
diagenetically unaltered clay mineral assemblages and their chemical composition may not be
directly influenced by transport mechanisms, sedimentation rates, or reworking processes, but
rather can be controlled by other factors such as climate and source rock compositions (Franke
and Ehrmann 2010). Understanding clay mineral assemblage sources and other influences,
coupled with microfossil identifications,is important when attempting to reconstruct
paleoenvironmental conditions through a glacial stratigraphic sequence.
Smectites in marine sediments can be either detrital or authigenic in origin (Franke and
Ehrmann 2010). Authigenic smectites form from volcanism, hydrothermal activity and
diagenetic processes (Chamley 1989; Hillier 1995). Authigenic smectites can originate in two
different ways, neoformation and regeneration. Neoformation occurs from direct precipitation
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from fluids when parent materials (source rocks) interact with pore fluids. The Ross Ice Shelf is
surrounded by a large volcanic complex known as the Erebus Volcanic Province of theMcMurdo
Volcanic Complex, which contains and produces large amounts of volcanic glass and volcanic
rocks. Volcanic rocks from the Erebus Province undergo halmyrolysis, the early diagenetic
processes, modifications, or decomposition of sediments on the sea floor (Little et al. 1997; Little
et al. 1999;Eppinger et al. 2007).Most of the authigenic smectites near the AND-1B sediment
core represent physical weathering and halmyrolysis of volcanic source rocks and glasses
(Franke and Ehrmann 2010). Detrital smectites are generally a result of chemical weathering
under warm humid climatic conditions in areas with exceptionally slow-moving water and
contrasting dry and wet seasons (Chamley 1989; Robert and Chamley 1991). Under colder
climates, smectites are considered to represent rocks sourced fromthe weathering of volcanic
rocks (Ehrmann et al. 1992; Ehrmann 1998; Diekmann et al. 1999; Giogetta et al. 2009; Franke
and Ehrmann 2010).
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Based on suggested glacial flow paths developed by Bentley (1998) and Denton and Hughes
(2000) (Fig. 14), authigenic smectites are most likely sourced from volcanic rocks of the
McMurdo Volcanic Complex or the Ferrar Dolerites, Ferrar Group, Beacon Supergroup. Detrital
smectites are commonly sourced from the Transantarctic Mountains in warmer conditions with
high amounts of chemical weathering. In many observed Antarctic environments, smectite
formation is an uncommon phenomenon and is only typically reported in few tills and soils
(Campbell and Claridge 1987; Chamley 1989; Campbell et al. 1998).
Illite and chlorite clay mineral signatures in high latitudes indicate extensive weathering
and degradation of rocks rich in biotite and muscovite such as metamorphic and intrusive felsic
rocks (Franke and Ehrmann 2007; Giorgetti et al. 2009). Clay mineral signatures are
predominantly sourced from physical weathering of crystalline rock outcrops, such as those
found in the Transantarctic Mountains, specifically the granitoids of the Granite-Harbor Intrusive
Complex and the metasedimentary rocks of the Koettlitz Group (Giorgetti et al. 2009). Other
potential sources of an illite signature are due to the physical weathering of crystalline rocks
(Biscaye 1965; Griffen et al. 1968; Windom 1976) found in sediments of the Beacon Supergroup
(Fig. 14; Ehrmann et al. 2005). Some muscovite-like illites can result from alteration of alkali
feldspars and plagioclases in intrusive igneous and volcanic rocks (Giogetta et al. 2009). Illite
and chlorite (+kaolinite) signatures may also be sourced by weathering of schists, amphibolites,
and gneisses of the Koettlitz Group and granitoids of the Granite Harbour Intrusive complex
(Giorgetti et al. 2009). Kaolinite in Antarctica sediments reflects erosion of older intensely
chemical-weathered parent rocks, sediments, and soils from the Beacon Supergroup (Giorgetti et
al. 2009). Because kaolinite is relatively rare in the core samples, it is difficult to use for
reconstructing paleoenvironmental conditions in Antarctic environments. Illite also largely
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reflects paleo-weathering, does not form in situ in marine environments, and is more abundant,
which potentially makes it more useful for fingerprinting source areas (Griffen et al. 1968;
Windom 1976).
A detailed description of clay mineral occurrences within stratigraphic intervals will be
discussed relative to prior descriptions.
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Figure 14. Map of McMurdo Sound area showing modern ice flow paths described by
Bentley (1998) and Denton and Hughes (2000) and potential clay mineral assemblage
source rocks (image modified from Giorgetti et al (2009). Dark grey squares represents
enlarged image. MRIS: McMurdo/Ross Ice Shelf, TAM-SVL: Transantarctic Mountains –
Southern Victoria Land.
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755-835 mbsf
Interval 755-835 mbsf (Fig. 15) is the top-most and youngest lithostratigraphic unit
(LSU), 5.4 (755-759.32 mbsf), within the study interval and comprises volcanic mudstone, minor
volcanic sandstone, and sparse volcanic diamictite made up primarily of volcanic rich, clast rich,
muddy diamictite (Krissek et al. 2007). Clasts include granitoids, metasediments, volcanics, and
mudstone clasts with a matrix composed of approximately 25% volcanic glass, 40% minerals,
and 30% clay minerals. The remainder of the interval (759.32-835 mbsf) is defined as LSU 6.1, a
volcanic-bearing mudstone with dispersed clasts, volcanic-bearing diamictite, volcanic-bearing
sandstone, and conglomerate/breccia within a sandy matrix. Clastic sediment and clasts within
this unit are consistent with source rocks found in the Transantarctic Mountains (Talarico and
Sandroni 2009). Krissek et al. (2007) also described other notable changes: no interval below
850 mbsf includes volcanic particles; bio-siliceous mudstones are present at 809.07 and 810.09
mbsf; mudstone intraclastic conglomerates occur at 819.43-820.62 mbsf, 820.73-821.73 mbsf
and 822.04-822.32 mbsf; and muddy breccia beds occur between 826.77 and 828.42 mbsf.
Clay mineral assemblages within interval 755-835 mbsf represent ice-contact to openmarine conditions (Rosenblume 2016). Relative percentages of smectite range from 3-100%,
illites are from 0-85%, and chlorite (+kaolinite) remains fairly low ranging from 0-12%.
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755-835 mbsfDiscussion and Conclusions
Interval 755-835 mbsf is the only interval with relative smectite percentages larger than
80% percent. High percentages at 756.475 and 823.255 mbsf are directly related to the facies
from which the samples were taken, that is,a bed of weakly stratified volcanic silty
claystone/clayey siltstone and, respectively, volcanic sandstone, volcanic siltstone, and volcanic
mudstone/silty claystone (Table 1).
Other samples within this interval, those between 759.32 to 793.12 mbsf, also all have a
volcanic influence due to reworking. Krissek et al. (2007) documented these volcanics in the
original core log descriptions as ―volcanic-bearing‖ or ―volcanic-rich‖. Volcanic-bearing
represents samples where overall the interval comprises approximately 10% volcanic grains,
whereas volcanic-rich represents intervals with approximately 30% volcanic grains, and
volcanic-bearing to volcanic-rich represents an interval expressing 10-30% volcanic grains.
Samples within this interval with volcanic influence, but not found in 100% volcanic units
(759.125; 769.150; 773.970; 783.880; 790.440 mbsf), are interpreted as ice-contact to iceproximal glacial environments. The higher relative smectite percentages are presumably due to
physically weathered volcanics from Mt. Mourning (<18.7 Ma), Minna Bluff (10.4-7.26 Ma), or
Black Island (11.19-1.69 Ma) or may be directly related to submarine volcanism near the drill
site. Relative illite percentages within these samples also suggest a component of the sediments
are weathered and transported from the Transantarctic Mountains. These volcanic-rich intervals
and samples with large proportions of volcanic particles are difficult to relate back to glacial
proximity. The McMurdo Sound Volcanic Complex has the possibility of producing eruptions
during ice distal or open marine periods that may deposit volcanicsnear the locality of the
borehole. The volcanic complex may also be active when the area is ice proximal or under
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subglacial conditions due to submarine volcanism also being evident locally around the Ross
Island area.
Other samples at 794.250; 795.815, 809.635; 824.175; and 824.820 mbsf within this
interval represent ice-distal to open-marine settings. Relative smectite percentages are related to
submarine volcanism or direct physical weathering of the exposed McMurdo Sound Volcanic
Complex and Ferrar Dolerites. Chemically weathered detrital smectites may also be sourced
from more northerly sources representing perhaps warmer, more humid climatic conditions
under interglacial climates. Illites within these ice-distal to open-marine samples are also
presumably sourced from northern Granite-Harbour Intrusive Complex granitoids and
metasediments from the Koettlitz Group. Minimal chlorite (+kaolinite) relative percentages are
derived from other sedimentary rocks within the Beacon Supergroup.
835-915 mbsf

Interval 835-915 mbsf (Figure 16) comprises the youngest deposition of the volcanicbearing mudstone with dispersed clasts, volcanic-bearing diamictite, volcanic-bearing sandstone
and conglomerated sandy breccia of LSU 6.1as well as the greater part of the muddy diamictite
making up LSU 6.2 (Krissek et al. 2007). Clast compositions within LSU 6.2 vary and mainly
comprise felsic volcanics, intermediate metamorphics, granitoids, and sedimentary to
metasedimentary compositions (Table 2).
Mudstones within interval 835-915 mbsf are interpreted as represent ice-contact to openmarine conditions (Rosenblume, 2016). Smectite relative percentages from the mudstones range
from 9-80%, illites range from 3-78%, and chlorite (+kaolinite) remain fairly moderate within
this interval ranging from 10-30%.
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835-915 mbsf Discussion and Conclusions
Seven clay mineral assemblage samples were collected from the 835-915 mbsf interval.
Within this section the second highest smectite percentage of 79.5% did not occur within
―volcanic facies‖ but instead is from a clast-poor muddy diamictite at 883.935 – 883.945 mbsf
(Table 3). The interval is interpreted as being all ice-contact to ice-proximal settings occurring
immediately prior to a minor glacial erosional surface (GES). The high relative smectite
percentage is accredited to physical weathering and erosion by the ice sheet as it crossed the
McMurdo Sound Volcanic Complex, picking up or eroding fine-grained volcanics from Mt.
Mourning (<18.7 Mya), Minna Bluff (10.4-7.26 Mya), or Black Island (11.19-1.69 Mya) or may
be directly related to submarine volcanism in the region and depositing them near the sediment
core location. Other relative percentages of smectite remain around 30% and drop to as low as
9% (883.935 – 883.945 mbsf), suggesting a lack of volcanic influence.
Relative percentages of illite range from 3% at 883.935 – 883.945 mbsf to 77% at
872.850 – 872.865 mbsf. The low relative percentage at 883.935 – 883.945 mbsf and elevated
smectite percentages further suggest the clay mineral assemblage signal being produced is due to
weathering of rocks from the McMurdo Volcanic Complex. Ice-distal to open-marine samples
within this interval, 839.100 – 839.115; 854.885 – 854.900; and 872.850 – 872.865, all have a
relative illite percentages greater than 70% and a correspondingly low smectite percentage. Thus,
these intervals are interpreted as having a provenance strongly influenced by weathered and
transported Transantarctic Mountain sediments with minor contributions from exposed
McMurdo Sound volcanics.
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Relative chlorite (+kaolinite) percentages vary from ~10% to ~30% with elevated
percentages occurring in what is interpreted as ice distal/open marine interval at 872.850 –
872.865 mbsf. That interpretation is in accordance with inferences from the clay assemblages
that indicate sediment sources from rocks of the northern Transantarctic Mountains
includinggranitoids of the Granite-Harbour Intrusive Complex, metasediments of the Koettlitz
Group, and sedimentary units of the Beacon Supergroup.
915-995 mbsf
Interval 915-995 mbsf (Fig. 17) is mainly within LSU 6.3 that includes mainly
mudstones, with muddy diamictite and sandstone being less common. Diamictites of this subunit
contain few ice-rafted clasts and/or volcanic clasts from the Transantarctic Mountains. From
approximately 977.94 mbsf to 992.32 mbsf, there is a 14-m-thick interval of mudstone with
dispersed to common clasts comprising granitoids, felsic and mafic volcanics, metasediments,
and diamictite intraclasts (Krissek et al. 2007).
Clay mineral assembles within interval 915-995 mbsf should represent ice-contact to
open-marine conditions based on sequence stratigraphic interpretations (Rosenblume 2016).
Smectite relative percentages range from 3-59%, illites ranges from 43-82%, and chlorite
(+kaolinite) ranges from 6-17%.
915-995 mbsf Discussion and Conclusions
Eleven clay samples were collected from the 915 – 995 mbsf interval (Table 3). The
series of samples taken from 920 – 935 mbsf were specifically to assess the large number of
major and minor GESs. Data from samples within this range are difficult to interpret. Both icecontact/ice-proximal and ice-distal/open-marine samples show low relative smectite
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percentages and high relative smectite percentages; this is presumably due to the constant
reworking of sediments.
Below 935 mbsf ice-contact to ice-proximal samples express higher relative percentages
of smectite as occur elsewhere and are most likely due to physical weathering from glacial
overriding of older sediments with a high proportion of McMurdo Sound Volcanic Complex
rocks. Ice-distal to open-marine samples likewise express lower smectite percentages and higher
illite percentages. The high amounts of illite and low smectite presumably are due to a strong
influence of weathered and transported Transantarctic Mountain rocks and sediments with a very
small influence of smectites from exposed McMurdo Sound volcanic rocks.
Chlorite (+kaolinite) relative percentages vary from 8% to 17%, possibly suggesting iceproximal to ice-contact conditions and a potential sediment source from the northern
Transantarctic Mountains, specifically, granitoids of the Granite-Harbour Intrusive Complex,
metasediments of the Koettlitz Group, and sedimentary rocks of the Beacon Supergroup.
995-1075 mbsf
Interval 995-1075 mbsf (Fig. 18) comprises the lower portion of LSU 6.3 being mudstone
dominated, with subordinate muddy diamictite and sandstone. The interval begins with a 12-mthick section of muddy diamictite from 977.94-1053.3 mbsf. Within the lowest portion of this
interval (1033 to 10446.3 mbsf), pinstripe cyclopel lamination is fairly common and
conglomerates are rare. A sandstone bed at 1031.68 to 1032.54 mbsf comprises dark gray to
gray, moderately well-sorted to very fine to fine-grained ripple-laminated sandstones as well as a
very dark gray to black, very fine to medium-grained, moderately sorted, and massive to planar
and

ripple-laminated

sandstone

(Krissek

et

al.

2007).
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From 1063.42 to 1220.15 mbsf, LSU 6.4 is a muddy diamictite and mudstone with
sandstone. Clasts are derived from the Transantarctic Mountains, with very few having a
volcanic composition. Other notable sections include a very dark gray to black, weakly stratified,
strongly pyritized silty claystone interbedded with a very dark gray sandy mudstone at
approximately 1061 to 1062.42 mbsf, followed by stratified fine-grained sandstone at
approximately 1062.42 to 1063.42 mbsf.
Clay mineral assembles within interval 995-1075 mbsf represent ice-proximal to openmarine conditions (Rosenblume 2016). Smectite relative percentages range from 7-39%, illite
ranges remain moderately high from 60-79%, and chlorite (+kaolinite) also remains moderately
common ranging from 6-16%.
995-1075 mbsf Discussion and Conclusions
The final interval of Motif 3 of the AND-1B sediment core is from 995 – 1075 mbsf. The
greatest number of clay samples was collected from this interval in order to resolve the large
number of inferred glacial sequencesand GESs within it. Again, as with previous intervals, there
is a wide range of relative smectite, illite and chlorite (+kaolinite) percentages that vary from icecontact to ice-proximal conditions and ice-distal to open-marine conditions.
Clay mineral proportions vary as in other intervals just described, however, unlike other
intervals, smectite percentages remain fairly low throughout, with only one ice-proximal sample
at 1069.475 – 1069.485 mbsf exceeding 30% (Table 4). Small smectite percentages suggest very
little influence of weathering volcanics throughout this section. In contrast, the high illite and
chlorite (+ kaolinite) percentages (illite percentages greater than 63% throughout the section and
chlorite (+ kaolinite) percentages for the most part greater than 10%) suggest an intensive and
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persistent weathering of surrounding land masses not related to the volcanic units of the
McMurdo Volcanic Complex. The higher amounts of illite and chlorite (+ kaolinite) are most
likely derived from the north during ice-distal/open-marine conditions and also from the westernmost section where granitoids from the Granite-Harbour Intrusive Complex, metasediments from
the Koettlitz Group, Beacon Supergroup sandstones and Ferrar Dolerites during iceproximal/ice-contact conditions. This high relative illite and chlorite (+ kaolinite), accompanied
by low relative smectite percentages, may also suggest a significant source farther southwest
from the Byrd Group, again indicating ice-proximal/ice-contact conditions.

AND-1B, Motif 3, 775-1075 mbsf Summary

Although it is difficult to pinpoint direct glacial and interglacial sediment sources from
XRD data, down-core clay mineral assemblages do demonstrate differences in relation to glacial
proximity. After correlating smectite, illite, and chlorite (+kaolinite) relative percentages with the
developed glacial proximity curve, statistical differences in data sets were assessed using the
Student’s t test.
Statistical significance tests were performed on samples grouped into two broad inferred
paleoenvironments: the ice-contact/ice-proximal and ice-distal/open-marine systems. Tests were
executed on smectite, illite, and chlorite (+kaolinite) relative abundance percentages, assuming
unequal variances between grouped categories. Smectite P-values for both tails on either end of
the distribution curve are less than 0.003 (one tail calculated at 0.003 and the other at 0.001).
Illite P-values for both tails on either end of the distribution curve are less than 0.006 (one tail
calculated at 0.006 and the other at 0.003). Chlorite (+kaolinite) P-values for both tails on either
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end of the distribution curve are again less than 0.003 (one tail calculated at 0.003 and the other
at 0.002). Raw data for thisstatistical significance test is presented in Table 5.
T-test P-values less than or equal to 0.05 are considered to bereal, meaning the original
null hypothesis is rejected and there is a difference between the two data sets that is significant.
With all recorded calculated P-values for each relative clay mineral percentage (smectite, illite,
and chlorite (+kaolinite)) within the defined glacial proximity groups being far less than 0.05,
differences between data sets are considered to be significant and unlikely to be a result of
chance. This suggests the clay mineral percentages can be directly related back to glacial
proximity even though there can be a significant variation in clay mineral percentages within the
defined ice-contact/ice-proximal and ice-distal/open-marine groups. However, these clay
mineralogical variations are used with caution since individual samples can show a reworking
signal, some potential diagenetic alterations, and the possibility of authigenesis.
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Table 5. Student’s t-test data showing statistical significances between ice contact/ice
proximal ad ice distal/open marine relative clay percentages throughout the entire AND1B core.
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CHAPTER 4
Overall Discussion and Future Research

Smectite and illite clay mineral assemblages dominate Motif 3 (~758-1073 meters below
the sea floor) of the AND-1B sediment core, with chlorite (+kaolinite) only making a minor
contribution to the total clay content. Particularly high relative smectite percentages seem to be
directly related to the volcanic units from which they were derived. These volcanic rocks were
formed by both subaerial and submarine volcanism produced throughout the McMurdo Volcanic
Complex region. Intervals with relatively higher illite percentages associated with lower smectite
abundance are likely sourced from basement rocks within the Transantarctic Mountains and have
the potential to be a useful provenance indicator.
Using clay mineralogy as a provenance and glacial proximity indicator is difficult. In
glacial environments there are many factors affecting the clay mineralogy signature, these
include: (1) the reworking of sediments by glacial advances and/or retreats; (2) the diagenetic
alterations of transported sediments, especially in active volcanic zones; and (3) the in situ
growth of authigenic clays. Reworking of sediments by glacial advances and/or retreats has the
potential to affect all three signatures of interest but seems to have the largest effect on the
smectite signature. Ideally, high proportions of smectite throughout the core should represent ice
distal/open-marine conditions or interglacial periods because of the very close proximity of the
depositional basin to the volcanic sources. Furthermore, it is likely that much of the local TAM-
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sourced sediment was trapped in coastal ice-free fjord basins along the southern Victoria Land
Coast. Repeated advances and retreats of WAIS from the south, however, overrode rocks of the
McMurdo Volcanic Complex, as well as glacial sediment deposited from prior advances and
retreats. That mixture appears subsequently to have been deposited and possibly reworked and
redeposited as a new glacial sediment package containing a high smectite content; this obscured
the smectite signal. To combat the ―contaminating‖ effect of smectite, clay mineralogy should be
analyzed at more closely spaced intervals down the entire length of Motif 3 and include sampling
the many mudstone and diamictite horizons within each sequence to determine relatively small
variations in clay mineral percentages.
The diagenetic alterations of transported smectite and discriminating between authigenic
and detrital clays can be difficult. Authigenic smectites can be derived from volcanism,
hydrothermal activity, and/or diagenetic processes (Hillier, 1995) and can grow authigenically or
can be due to diagenetic reaction with parent material. Detrital smectites would have originally
formed due to chemical weathering under warmer climatic conditions (Franke and Ehrmann,
2010). It would be appropriate to re-examine the clay samples with an SEM to determine if there
is any digenetic alteration present or if the represented sample is detrital or authigenic
(determined by crystal structure and paragenetic relationships).
Inferred paleoenvironmental interpretations of newly discovered microfossils correspond
closely with the glacial proximity curve produced by Rosenblume (2016), which helps to
substantiate the glacial sequence stratigraphic interpretations of the succession. Future research
could include higher sample resolutions to determine areas of unaltered microfossils to find nondiagenetically altered foraminifera. Geochemical analyses of individual chambers for oxygen
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isotope values could provide some of the southern-most data points for benthic foraminifera
oxygen isotope analyses.
Future research of glass spherules should include microprobe analyses of individual
spherules to determine their chemistry more thoroughly and should include mounting and
polishing individual spherules to examine internal structures. Conducting both analyses may lead
to better understanding of their formational processes. If a large number of micro-tektites can be
recovered, isotopic analyses may be useful. Micro-tektites form at exceptionally high
temperatures (amorphous silica melts at ~1600°C) and their oxygen isotopic compositions
should differ from those of volcanic material or siliceous marine microfossils. Also, reexamining geophysical surveys in proximity to AND-1B may locate potential source impact
sites, as no sites of this approximate size and over this time interval are known for the Antarctic
region. Identification of a dated impact site and other future research may contribute to better age
constraints within the Middle to Upper Miocene interval.

Overall Conclusion
Sediment provenance established using clay mineralogy in the Upper Miocene provides a
better understanding of ice dynamics during this interval.Coupled with more detailed microfossil
analyses to better place them more accurately in the sequence stratigraphic model could allow for
better, more detailed interpretations of WAIS dynamics under warmer climatic conditions.
Understanding how the ice reacts to major cooling and warming events will allow for better
predictions in the future.
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